Sound velocities determined in iron, shock compressed to pressures between 77 GPa and 400 GPa, indicate that two phase transitions exist on the Hugoniot. A discontinuity in sound velocities at 200 +_ 2 GPa may mark the transition of e iron to 7 iron. A second discontinuity at 243 _+ 2 GPa is believed to indicate the onset of melting. The calculated temperature at melting lies between 5000 K and 5700 K. When extrapolated from the Hugoniot melting point, the Lindemann criterion yields an estimate of 5800 +_ 500 K for the melting of pure iron at the inner core boundary pressure of 330 GPa. The product of density times the thermodynamic Grfineisen parameter in liquid iron, calculated from the present data, is 19.6 +_ 0.8 Mg m-3. A temperature profile ranging from 3800 K at the core-mantle boundary to 5000 K at the earth's center is calculated using the present data. Sound velocities for e iron provide a better match to seismic velocities for the earth's inner core than do those of 7 iron. A comparison between liquid iron velocities and the velocity profile through the outer core provides further evidence for alloying of iron with "lighter elements" in the core.
INTRODUCTION
We previously described a new high-pressure shock wave technique that makes it possible to determine the sound velocity in shocked material [Brown and McQueen, 1980] . If the material is in the solid state, the velocity of longitudinal elastic waves is measured. For a liquid, the bulk sound velocity (Kip where, K is the isentropic bulk modules and p is density) is determined. These experiments provide information not previously resolvable in shock wave data. Prior to a description of the new method, we describe the conventional shock wave technique. Typically, Hugoniot states are characterized using measurements of shock velocity (U•0 and particle velocity (U•,).
Through the Rankine-Hugoniot relations, these data define a compression curve (density versus pressure) as a function of known Hugoniot energy. Although this method provides valuable equation-of-state information, it is difficult or impossible to determine where melting or where phase transitions with small volume changes occur [e.g., McQueen et al., 1970] . Furthermore, reduction of shock data to isothermal or isentropic states requires specific heat and Grtineisen parameter (7) values that are not well known. In the absence of experimental constraints, plausible speculation has been necessary (see, for example, Jamieson et al. [1978] , Ahrens [1979] , and Brown et al. [ 1984] ).
In contrast to standard Hugoniot data, the current experimental method involves determination of the velocity of a pressure release wave that propagates behind and overtakes the shock front. The determination of the bulk sound velocity in a liquid provides a direct measure of the isentropic modu- [1970] provided Grtineisen parameter estimates to more than 100 GPa based on finite differences in thermal pressure between porous and nonporous Hugoniot data. However, interpretation of these results is complicated by extreme differences in thermodynamic state between the porous and nonporous data. McQueen et al. found n-1 to be a reasonable approximation to their somewhat scattered data. deanloz [1979] reconsidered the same porous Hugoniot data and proposed that n is equal to 1.62. At high compression this latter parameterization differs little from the McQueen et al. [1970] interpretation.
Preliminary sound velocity data for iron have been given in a graphical presentation [Brown and McQueen, 1980] where the existence of two phase transitions above 100 GPa were indicated. An additional analysis [Brown and McQueen, 1982-] provided further evidence that the transition at 200 GPa represents the e (hexagonal close packed) to ? (face-centered cubic) transition, while the higher-pressure discontinuity is caused by melting of 7 iron. We note that sound velocities for iron in the 100-GPa pressure regime were reported by Al'tshulet et al. [1960, 1971] . However, there were inconsistencies between these two papers and with current results. Fur-7485 thermore, using the Russian technique, many separate experiments were required to make one velocity determination. We emphasize that the current technique has significantly better resolution, and the earlier Russian data are not considered further.
We have now obtained additional data for iron extending the pressure regime from 77 GPa to 400 GPa. In combination with data in the range of 10 to 40 GPa [Barker and at room temperature. Using velocity-density systematics, we also conclude that the inner core has thermodynamic (equation-of-state) properties not unlike pure • iron. A core geotherm is proposed with temperatures ranging from 3800 K at the core-mantle boundary to 5000 K at the earth's center.
SHOCK WAVE "EQUILIBRIUM"
We make the assumption that present experimental results represent "equilibrium" behavior despite the "short" time scale of measurement. Furthermore, we assert that the shock process can generate a nearly hydrostatic high-pressure state with finite rigidity. These problems of equilibrium and rheology in shock waves are of continuing concern and have been extensively considered, both experimentally and theoretically. Although unambiguous conclusions may be premature, we believe that near-equilibrium, hydrostatic states are obtained; these points were previously discussed by Davison and Graham [1979] . We provide a brief review incorporating more recent work.
Discussions of thermodynamic equilibrium in shocked materials must be organized into separate questions of thermalization and metastability. Thermalization is achieved when a system has a Maxwell distribution of occupied phonon states. / This is necessary in order to define temperature as a state variable. A thermalized material may, for kinetic reasons, remain in a metastable state, rather than relax to a lower free-energy equilibrium phase. This potential problem of metastability is not unique to shock experiments and is further discussed below. Holian and Straub [1979] addressed the problem of thermalization using molecular dynamics calculations. They recognized the critical problem that longitudinal energy imparted by the shock process must be partitioned into transverse modes. Under ambient conditions, phonon-phonon scattering results in slow thermalization. However, equilibration is reduced to a picosecond time scale in a strong shock. An enhanced scattering cross section results from very anharmonic lattice distortions near the shock front. Molecular dynamics calculations also support the validity of the Rankine-Hugoniot equations. The shock front is calculated to be as thin as a few tens of lattice spacings. Despite the intense deformation and "bond breaking" processes at the shock front, material is calculated to reorganize into an ordered structure. Thus rigidity can be expected in the shocked material. Holian and Straub further recognize a threshold between "weak" and "strong" shock behavior. For low-pressure shock waves, thermalization processes are less effective. The result is a broad shock front, incomplete thermalization, and a nonhydrostatic stress distribution in the shocked material.
This low-pressure regime roughly corresponds to a range near the "Hugoniot elastic limit" which is typically less than 10 GPa for metals.
On the basis of existing experimental data, the degree of "hydrostaticity" in shocked samples is still uncertain. However, Morris and Fritz [1980] placed upper bounds on deviatoric stresses in aluminum and copper shocked to the 100-GPa regime. They found maximum values of the order of a few percent of the Hugoniot pressure. Although nonhydrostatic stresses are likely to be nonzero in the present data, we conclude that the effects of such nonhydrostaticity on our interpretations are negligible.
Empirical evidence can be given in support of equilibrium behavior through phase transitions in at least some shocked materials. The low-pressure phase boundaries for •, 7, and e iron were initially determined using shock waves [Johnson et al., 1962] . This phase diagram is in agreement with later static work. The room temperature isotherm for e iron, reduced from shock data, is in excellenet agreement with the recent static data of Jephcoat et al. [1986] . The quartz to stishovite transition initiates at approximately the same pressure in static [Akimoto and Syono, 1969] and dynamic experiments [Wackerle, 1962] . Furthermore, pulse X ray diffraction studies have demonstrated both that a transition to a high-pressure ordered phase can occur in a shock experiment and that the structure is identical to what is observed in static studies [Johnson and Mitchell, 1972] .
A number of shocked materials do appear to remain in a low-pressure phase beyond equilibrium phase boundaries. Examples include the graphite -• diamond and olivine --} postolivine transitions [Marsh, 1980] . In these cases, however, Hugoniot temperatures are low at the equilibrium phase boundary (of the order of 300-500 K), and these transitions are quite sluggish in static experiments under similar thermal conditions of temperature and pressure. Approximate temperatures for the initiation of Hugoniot phase transitions in these materials are estimated to be of the order of 1000 K. This agrees with typical conditions necessary to achieve synthesis of high-pressure phases under static conditions (see, for example, Bundy [1980] and Furnish and Basserr [1983] elusive. Nonhomogenous behavior has been observed in some low-pressure shock wave experiments rKondo and Ahrens, 1983' Grady and Asay, 1982]. However, for a monoatomic, close-packed material like iron, with a relatively low yield strength (---2 G Pa), it appears that existing research supports our assumptions of equilibrium for shock wave experiments in the 100-GPa pressure regime.
OVERTAKING RAREFACTION METHOD
The experimental technique has been described elsewhere McQueen, 1980' McQueen et al., 1982] . However, a discussion is included here for completeness and to allow assessment of experimental uncertainties.
The impact of a thin plate on a target causes a shock wave to propagate into both. When the shock wave reaches the back surface of the impactor, pressure is released and a rarefaction sound wave propagates forward through the system. This wave travels through the impactor, into the target, and eventually overtakes the shock front in the target. The thickness of the target at the overtaking point is determined (as described later), and R is defined as the ratio of that thickness to the impactor thickness. For symmetric impacts (i.e., flyer and target are the same material), the quantity R* is 
(4)
Values in parentheses are uncertainties in least significant figures.
variation in target thicknesses leads to different time intervals between emergence of the shock in the analyzer and overtaking of the shock by the sound wave. We detect visible light from the optical analyzer above each target level. Apertures and baffles collimate light onto silica optical fibers, which transmit the light to fast (1-ns rise time) and linear photomultiplier detectors [Beck, 1976] . Singlesweep, internally triggered oscilloscope records are obtained for all target thicknesses.
Photographic records for one experiment are reproduced in Figure 1 . A discontinuous increase in signal amplitude occurs as the shock emerges from the iron into the analyzer. Nearly constant thermal radiation is observed as the shock moves through the analyzer. The rarefaction overtaking point is indicated by a decrease in radiation. Details of the pressurereleasing part of these records is complicated by iron-analyzer interactions as well as nonideal "elastic-plastic" deformation in the iron. However, we emphasize that, independent of these complications, the velocity of the fastest release wave can clearly be determined.
The time interval, At, between emergence of the shock and the overtaking point is measured with a reproducibility of a few nanoseconds. These values are plotted against target thickness (Figure 2) . A short linear extrapolation defines the point at which the rarefaction would overtake the shock front in the target.
The standard deviation of linear regression parameters provides an estimate of uncertainties. On this basis, the precision in determination of R can approach 0.5%. Accuracy may be affected by finite time responses, causing a potential bias in the choice of arrival times. Observed rise times for shockinduced radiation range from 2 ns to over 10 ns. The smaller value is at the limit imposed by optical dispersion in the fiber cables and the response of the electronic system. Longer rise times may represent several phenomena including (1) tilt or other nonplanar distortions of the shock front over the area viewed or (2) a finite thickness of the shock front. Even in worst case situations, different criteria for the choice of arrival times shift overtake ratios by no more than a few percent. Since the overtake ratios, R, are typically about 4, it can be seen from equations (2) and (3) that the sound velocities have an accuracy of approximately 1%. Errors in the determination of shock pressure are relatively unimportant, since the overtake ratio is a slowly varying function of shock pressure. A slightly incorrect shock velocity determination moves a release velocity primarily along the trend of the data. However, pressures must be well determined near phase transitions if transition pressures are to be well constrained.
EXPERIMENTAL RESULTS
Both explosive-driven and two-stage light-gas gun shock wave experiments have been conducted on iron. The material studied was low-carbon, cold-rolled steel (C1015) with a purity of approximately 99%. This material is a standard for shock wave research. Major impurities include carbon (<0.2%), manganese (<0.7%), and silicon (<0.1%). Physical properties The theoretical density of iron is 0.3% greater [Moses, 1978] . Sound velocities for explosive experiments are listed in Table 1 The Hugoniot results of two-stage light-gas gun experiments are listed in Table 2 . The significant difference using the gun is that projectile velocities, Uproj, rather than shock velocities, are measured. The uncertainty in Uproj is nominally 0.1% [Brown et Table 3 
MELTING OF IRON
Present results tightly constrain the density, pressure, and internal energy at the inferred Hugoniot melting point. However, temperature estimates remain less secure. We [Brown and McQueen, 1982] previously estimated the Hugoniot melting temperature for iron to lie between 5000 K and 6000 K. Furthermore, we noted that although the Lindemann melting criterion appeared to overestimate the pressure for melting on the Hugoniot, the criterion did provide a method for extending the fusion curve to the inner core boundary pressure of 330 GPa. Since interpretation of the present data is closely linked to the extrapolation technique and to temperature calculations, we review the thermal analysis.
The Lindemann criterion is a simplistic one-phase model based on a vibrational instability for the solid at melting. As a function of pressure along the fusion curve, the root-meansquare amplitude of atomic vibrations is assumed to remain a constant fraction of the interatomic spacing. Wolf and Jeanloz [1984] presented empirical evidence that high-pressure melting behavior for silicate minerals cannot be predicted on the basis of Lindemann melting. However, Ross and Rogers [1985] 
dT = -T dV + • [(Vo -V)dP + (P-Po)dV] (11)
where C• is the specific heat at constant volume and the differentials, dP and dV, were evaluated along the Hugoniot. The first term on the right side is the temperature increase caused by isentropic compression, while the second term arises from irreversible work during shock compression. The accuracy of Hugoniot temperature estimates is limited by uncertainties in specific heat and the Griineisen parameter.
Although 7IV for liquid iron appears to be determined to about 5% (Tables 1 and 2 Calculated Hugoniot temperatures, ignoring phase transitions, are given in Table 3. Table 4 Table 4 . is plotted in Figure 5 to illustrate that the iron Hugoniot crosses the geotherm under outer core pressure conditions. Such behavior is preserved under large perturbations of assumptions for geotherms or the Hugoniot parameters. In accordance with velocity-density systematics [Shankland, 1977] , the current data for iron are shown in Figure 6 as a function of density. Such a representation incorporates much (but not all) of the variation of velocity as a function of temperature and pressure through its volume dependence. Also represented are envelopes enclosing earth model profiles. These include 1066A and 1066B [Gilbert and Dziewonski, 1975] where subscript H refers to the Hugoniot state, 3R is the high-temperature Dulong-Petit lattice specific heat, and P and T are the off-Hugoniot conditions. The correction to the bulk sound velocity is given by where 7/V-const was assumed in this derivation. A core geotherm with temperatures ranging from 3800 K at the coremantle boundary to 5000 K at the earth's center was used. Motivation for this geotherm is given below. Two geotherm velocity profiles for iron are shown in Figure 6 . One is based on the empirical fit to Hugoniot data (equation (8)) while the other is calculated using the metastable e iron Hugoniot given by Brown and McQueen [1982] . These two examples provide an estimation of the sensitivity of results to model assumptions. At constant density, the two models differ by at most 4%, while velocities between the Hugoniot and geotherm differ by less than 10%. A similar relation between compressional velocities on the Hugoniot and on the geotherm is plausible. Thus under inner core conditions, solid iron velocities are likely to lie below the extrapolated Hugoniot trends.
Seismic velocity profiles for the outer core are approximately 10% higher than the calculated bulk sound velocities for pure iron at the same density. Such a difference is most likely associated with the presence of elements having atomic weights lower than iron. This conclusion is in agreement with the observation that light elements are also required to match core densities , $eanloz [1979] , and many references therein). Although not a new observation, the principal value of the present work is that seismic velocity profiles are more directly compared with laboratory results.
Based on mean-atomic-weight systematics, the velocity profile of a chemically homogeneous outer core should be parallel to that of iron. In Figure 6 , bulk velocities for iron are approximately parallel, although the range predicted for iron is greater than that observed for the core. More thorough compositional constraints will require laboratory data for iron alloys. Such studies are now in progress.
For the inner core, bulk sound velocities of iron on the Hugoniot trend through the earth model range. However, predicted velocities and densities for iron on the geotherm are slightly larger (by 10% or less) than average values for the inner core. Such deviations may reflect both poor seismic resolution and uncertain thermal corrections for the equation of state of iron. Alternatively, an inner core composition differing from pure iron cannot be excluded. However, on the basis of current data, it is unlikely that the inner core contains significant amounts (greater than a few percent) of lower-atomicweight materials.
Such a compositional constraint for the inner core is consistent with the chemical-thermodynamic equilibrium model for its formation. Given an outer core composition on the ironrich side of a eutectic, the inner core may represent the first (near iron end-member)crystallization from a cooling outer core liquid that is becoming increasingly enriched in the lighter components. We previously used this eutectic model to estimate the equilibrium temperature of crystallization at the inner core boundary [Brown and McQueen, 1982] . Incorporation of the current revision for the melting point temperature ot' pure iron leads to the geotherm given here.
Although earth model estimations for the inner core are divergent, compressional velocities are better matched by the extrapolated curves for • iron. Poisson's ratios for 7 iron appear too large (see also Figure 4 ). Corrections from Hugoniot conditions to the •eotherm are likely to decrease compressional velocities and make pure 7 iron even less tenable as an inner core constituent. This observation further supports the validity of the phase diagram for iron given by Brown and McQueen [-1982] . That work predicted the existence of a triple point of 7, •, and liquid iron near the inner core boundary pressure of 330 GPa. The stable pure iron phase under inner core conditions was thus suggested to be • iron.
As noted by Falzone and Stacey [1980, and references therein], the observed value of Poisson's ratio for the inner core (a = 0.44) has been considered somewhat anomalous. This has generated speculation concerning the state of matter in the inner core (see, for example, Anderson [1983] ). However, the present results and previous work on other metals suggest that values for Poisson's ratio of approximately 0.45 are normal for metals at high pressure and temperature. On the basis of these sound velocity measurements, seismic properties for the inner core appear typical, rather than anomalous, for solids.
CONCLUSION
Sound velocity data for iron have been obtained over a pressure regime between 77 GPa and 400 GPa. Two major discontinuities in elastic sound velocities provide a basis for the interpretation of thermal and chemical conditions in the earth's core. An upper bound for temperature at the inner core boundary is based on the melting of pure iron. The Hugoniot melting point at 243(2) GPa provides a tie point in a Lindemann criterion extrapolation to a pressure of 330 GPa. The melting temperature estimate of 5800 + 500 K for pure iron at the inner core boundary is based on calculations using plausible bounds for specific heat and experimental constraints for the Grtineisen parameter. A core geotherm ranging from 5000 K at the earth's center to 3800 K at the core-mantle boundary is suggested.
Comparison between bulk sound velocities of iron and the outer core supports the widely accepted hypothesis that the outer core is predominately iron mixed with elements of lower atomic weight. Velocities in the inner core, however, strongly suggest a nearly pure iron composition. Furthermore, if no light elements are present in the inner core, compressional velocities for e iron best match inner core properties. The elastic properties of the inner core appear to represent normal high-pressure, high-temperature behavior for a solid metal.
